Personal exposures were estimated for a large cohort of workers in the U.S. domestic system for distributing gasoline by trucks and marine vessels. This assessment included development of a rationale and methodology for extrapolating vapor exposures prior to the availability of measurement data, analysis of existing measurement data to estimate task and job exposures during [1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985], and extrapolation oftruck and marine job exposures before 1975. A worker's vapor exposure was extrapolated from three sets of factors: the tasks in his or her job associated with vapor sources, the characteristics of vapor sources (equipment and other facilities) at the work site, and the composition of petroleum products producing vapors. Historical data were collected on the tasks in job definitions, on work-site facilities, and on product composition. These data were used in a model to estimate the overall time-weighted-average vapor exposure for jobs based on estimates of task exposures and their duration. Task exposures were highest during tank filling in trucks and marine vessels. Measured average annual, full-shift exposures during 1975-1985 ranged from 9 to 14 ppm of total hydrocarbon vapor for truck drivers and 2 to 35 ppm for marine workers on inland waterways. Extrapolated past average exposures in truck operations were highest for truck drivers before 1965 (range 140 -220 ppm). Other jobs in truck operations resulted in much lower exposures. Because there were few changes in marine operations before 1979, exposures were assumed to be the same as those measured during [1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985]. Welldefined exposure gradients were found across jobs within time periods, which were suitable for epidemiologic analyses.
Introduction
An individual's exposure to an airborne agent is the time profile ofthe air concentration in his or her breathing zone. This exposure profile is processed to formulate epidemiologic exposure variables such as ever exposed, years of exposure, and cumulative exposure for an agent. Epidemiologic studies of cancer risk from inhaled agents frequently require the evaluation of exposure across large intervals of time, much of it before the collection of exposure measurements. The central problem for retrospective exposure estimation in this type of study is how to infer the environmental conditions without direct measurements. This problem may be divided into two subproblems: a) presence of the agent in a work location? b) If an agent is present, what factors affect its concentration in the workers' breathing zones?
A strategy was developed to answer these questions for an epidemiologic study of cancer risk for workers in the U.S. domestic gasoline distribution system, both truck and marine operations. The objectives of the exposure assessment were a) to develop a rationale and methodology to estimate historic marketing and marine distribution worker exposures to gasoline, b) to apply these methods to the U.S. gasoline distribution workers cohort, and c) to classify this cohort into groups with substantially different histories of gasoline exposure, suitable for an epidemiologic analysis of cancer risks.
Rationale
Determining the presence or absence of an agent is easier generally than estimating its air concentration. A mechanistic model of exposure was developed for gasoline vapor, which is shown in Figure 1 (1) . At 
Potential Agents
An exposure classification for epidemiology requires selection of a hypothetical agent whose potential effects are to be examined in the epidemiologic analysis. For the present study, total hydrocarbons (THC) was the hypothesized agent. However, THC was also a reasonable surrogate for one or more of the major hydrocarbon components in the vapor mixture from gasoline based on an assessment of the scientific literature and the sampling data, which showed that after approximately 1969 there was relatively little change in the amounts of the measured components of gasoline (2) (3) (4) (5) . Benzene was an exception to this because the benzene content of gasoline has varied over time as a result of changes in gasoline blending practices by the refineries. THC also may not be a good surrogate for the minor components of gasoline vapor because they appear to be more variable than the major components. the vapor emissions into the worker's breathing zone. An industrial hygiene analysis of each work situation can determine if sources of gasoline vapor emissions are present. An analysis of tasks and work locations for each job title can identify those that put a worker in close proximity to an emission source where emissions might reasonably be transported into the breathing zone (the factors are shown in Table 1 ). Because historical work situations and job titles can be evaluated by interviewing long-term workers, it is possible to determine with a high degree of certainty which job titles and work situations have been historically associated with gasoline vapor exposure.
Estimating exposure intensity without exposure measurements is more difficult. The 
Methods
An individual's exposure to gasoline vapors was determined by a) the tasks in his or her job definition, b) characteristics of vapor sources associated with work-site facilities for handling petroleum products, and c) the composition of the products handled. The source-receptor model shown in Figure 1 was developed to express the relationship between exposure and work-site factors (5, 6 job in a subjects' job history by the duration in the job and summing across all jobs. For truck operations, exposure assignments were based on the generic job assigned to each job title in a subject's work history. The truck terminals listed in the work history were used to identify type of facilities at the subject's work site so the appropriate exposure for each generic job could be drawn from the terminal exposure matrix. The marine subjects' cumulative exposures were calculated similarly for inland barge operations: the subjects' job history identified their job titles and vessels on which they served, titles were converted to generic jobs, and an annualized TWA for each generic job was assigned based on the job TWA estimated for each vessel listed in their history.
The annual frequency of peak exposures was determined by identifymg the tasks with potential to produce peaks, estimating the annual number occurrences of the task, and then using the frequency distribution of exposure intensities for the tasks to estimate the fraction of the total occurrences that exceed the minimum criterion for a peak. A peak exposure was defined as at least 500 ppm THC averaged over 15-90 min. The number of occurrences of a task was determined from the historical data. The frequency distributions had been measured for all of the truck driver and barge tasks associated with potential peaks during 1975-1985. For past truck operations, it was assumed that the frequency distributions would have the same general shape (lognormal with an approximately constant geometric standard deviation), but the geometric mean of the distribution would be shifted upward proportionally to the change in arithmetic mean exposures. It was not possible to estimate peak exposures of terminal operators, although it is likely that they had some peak exposures.
Findings and Conclusions Measured Exposures in Truck Operations
Measurement data were available for 1975-1985, which were analyzed to estimate task and full-shift TWA exposures. These findings then became the basis for the backward extrapolation of historical exposures.
Task Samples. Truck loading was a major source of exposure for drivers, loaders, and some terminal operators (Table 3) . Task samples for drivers showed an 8-fold ¶kble aPart of these data have been published (4) . bThe duration of these samples was estimated from the sampling time specified in the methods. cAverage exposure was rounded to one significant figure to represent the probable level of precision for our application of these data.
difference between loading without a vapor recovery (VR) system (130 ppm) and with a VR system (17 ppm There were few data for tasks performed by terminal operators. A few samples showed high exposures during measurements of liquid levels in storage tanks. Other terminal jobs had no direct contact with emission sources through their task activities, and consequently there were no measurements for any of these tasks.
The driver task data showed common opportunities for high short-term exposures (peaks) during loading without VR and small deliveries. Terminal operators perform some tasks that may produce peak exposures, but they were rarely measured.
Full-Shift Job Exposure. Full-shift TWA samples (Table 4 ) also showed differences in exposure by types of terminal equipment: Drivers averaged 14 ppm for terminals without VR systems and 9 ppm for those with VR. These samples were obtained from drivers making only large deliveries. Although loading exposures were varied more than this, only a small fraction of a driver's work time is spent loading. Full-shift exposures of terminal operators were less than drivers at terminals with the same types of facilities: approximately 9 and 5 ppm without VR and with VR, respectively. There were few samples for other terminal jobs, but they were all very low (5 ppm). Thus, a gradient in job exposures was found in the fullshift data that was consistent with each job's potential for exposure. The 1975-1985 data showed a 7-fold range in exposures across the major jobs.
Extrapolation of Historical Exposure for nTuck Operations
Four time periods with distinct characteristics were identified for truck operations: pre-1950, 1950-1964, 1965-1974, and 1975-1985 . The characteristics of and differences among the time periods are summarized in Table  5 . Although sharp transition dates are given, they represent median dates of changes, and some parts of the distribution system changed earlier and some later. [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] . In the earlier time periods, exposures during small deliveries were the most important sources of exposure, which is consistent with the relatively large fraction of time spent on this activity, about one-third of total time, and the high potential for exposure for this task. We concluded that earlier time periods had much higher potential for driver exposures and estimated a 10-to 37-fold increase depending on the type of terminal and delivery operations. bVapor recovery introduced in this time period, associated with frequent malfunctions and maintenance.
Loaders. The task-TWA model was used to extrapolate exposures of loaders. However, the data available for these estimates are limited and implied that exposures of loaders were niot the same as drivers performing the same task. Rough estimates of exposure were developed assuming a proportionality with historic changes in driver exposures because both would be affected by changes in loading conditions and concern about exposures. Thus, THC exposures in Table 6 were highest for 1950-1964, approximately 150 ppm, and lower during later periods with exposure controls.
Terminal Operators. Because of the broad mix of job titles in the terminal operator group, it was difficult to develop an extrapolation that was consistent for all of the diverse job titles in this group, such as yardman and mechanic. The task-TWA model was divided into loading and other tasks. The loading component was taken from drivers using the same equipment. The other tasks component was given by rough estimates and multipliers based on estimated effects of changes in work activities and the level of concern about exposures from minor sources, such as small leaks or spills. Consequently, terminal operator's THC exposures in Table 6 were estimated to be highest in 1950-1965, 80 ppm, and decline in more recent times down to the 5-9 ppm measured in 1975-1985. Other Terminal Job. This group was assumed to have only background exposures, which were assumed proportional to general area emissions from loading, spills, leaks, and storage tanks. As a result of higher general emissions in earlier time periods, the other terminal job exposures also were increased. They were highest in 1950-1965 at 28 ppm.
Overall Comparison among Truck Job Groups
We concluded that there was a substantial 10-fold gradient across the generic jobs: driver > loader > terminal operator > other terminal job that was consistent within time periods and for workers at the same types of terminals. This gradient was consistent with qualitative assessment of contact with sources of gasoline vapor exposure. However, the quantitative estimates showed that the gradient was not consistent for job comparisons across time periods: for example, early-period terminal operators were as highly exposed as drivers in 1975-1985 . The gradient also was not consistent across terminal types: Drivers at terminals with vapor recovery were less exposed than terminal operators at terminals with splash loading. Thus, care must be used in comparing workers classified by qualitative differences in generic job title alone.
Marine Exposures and Historical Extrapolations
Fewer data were available on marine exposures than on truck operations; the majority was obtained on barge operations on inland waterways. Marine operations were subdivided into vessel loading, underway, cargo discharge, and other activities. Exposure estimates are summarized by operation activity and region in Table 7 . Most sampling data had been gathered on deck personnel to assess vessel loading because it presents the highest potential for exposure. Regional differences were observed in the average exposures during full-shift personal samples while loading: 250 ppm THC during loading several barges simultaneously in the western rivers region and 120 ppm during single-barge loading in the East Coast region. Topping-off the tanks (the final stage offilling) was associated with the highest task exposures observed: over 1500 ppm THC for 15-30 min per tank. Discharging cargo was associated with much lower exposures because vapors are not being forced out of the tank (16 ppm for a full shift).
Marine operations have very different work patterns from land-based operations. Marine workers are on-watch for 6 hr and off-watch for 6 hr continuously, 24 hr per day, while they are onboard a vessel. They also are onboard a aMean + SE is given for those cases with measured data; the mean was rounded to two significant figures.
bThe captain is included in the deck personnel group for some companies.
cLoading exposures for nondeck crew jobs were assumed to be approximately equal to the underway level.
dUnderway and waiting exposures were assumed to be the same for all exposure groups.
eDischarging exposures were assumed to be the same for all on-board personnel during discharging with remote venting.
vessel for different time periods depending on the region, such as onboard for 40 days and on-shore for 20 days in the western rivers region, and 1 week onboard and 1 week onshore in the East Coast region. Marine operations also tend to require more time than equivalent truck operations. For example, loading a barge requires 9-18 hr. As a result, loading and discharging cargo are full-shift operations (6-hr) for deck personnel and short-term tasks for truck drivers. To account for this difference and permit comparison of marine and truck exposures, an annualized TWA for a 2000-hr annual work period (8 hr per day, 5 
Dose Indices
Cumulative Exposures. The cumulative exposure index was calculated for the truck and inland barge workers based on their personal job histories and the assigned exposures for the generic jobs. It ranged from 2 to 8000 ppm* year. Long-term drivers at small terminals had the highest values; short-term workers in other terminal jobs were lowest. Inland barge deck personnel had low to intermediate cumulative exposures. The wide range and relatively large numbers of workers with high values provided a suitable population for a reasonable test of the association of gasoline exposure with cancer risk, under the assumption of a linear relationship between ppm* year and risk.
Lifetime Frequency of Peak Exposures. The lifetime frequency of peak exposures index should be useful epidemiologically for detecting cancer risk associated with peak exposures above 500 ppm; however, because of the correlation between the frequency ofpeaks and cumulative exposure, it may be difficult to distinguish their separate effects. Peak exposures were calculated for truck and inland barge workers. They ranged from 0 to 24,000 peak exposures greater than 500 ppm lasting 15-90 min. Drivers at small terminals had the highest long-term frequencies because of the high frequency of peaks during loading and small deliveries. Although the peak exposures of barge deck personnel during topping-off reach higher concentrations and last longer than those of drivers, they are less frequent because of the much lower loading frequencies for barges. Consequently, deck personnel handling gasoline had generally lower lifetime frequencies of peak exposures than truck drivers.
Seagoing Tanker Exposures. Because quantitative exposures could not be estimated for seagoing tankers, it was not possible to calculate cumulative exposure or peak frequency for these workers. Years ofwork in deck personnel jobs on ships carrying gasoline was used as an index of potential exposure. Before 1980, nearly all ships used open-hatch venting, so no date criterion was used in the index. Again, a wide range in years of potential exposure was found (0-30 years), and there was a large group with many years of potential exposure. This also should provide a suitable test of the possible association with cancer risk.
Limitations and Uncertainties
The few exposure data for low-exposure jobs and domestic seagoing tanker operations, and the limited availability of data (only 1975-1985) were major limitations of this study. To deal with these limitations, an extrapolation approach was developed. There were many sources of uncertainty in the quantitative extrapolation. The largest uncertainties are in the lowest exposure estimates. Although the absolute magnitude of the extrapolated past exposures is imprecise, there were large differences in exposure across the job groups, and the relative ranking of these exposures is well supported by the assessment of potential contact with emission sources and tasks associated with each job group. Loader exposures were very uncertain, but this was a small group with little influence on the epidemiologic analysis. Overall, it was unlikely that the uncertainty in the past exposure estimates would obscure the apparent differences in dose indices or job groups.
